Germline mutations in bone morphogenic protein type II receptor (Bmpr2) confer susceptibility to pulmonary arterial hypertension (PAH), which is characterized by obstructive vascular lesions in small arteries. The molecular and cellular mechanisms that account for the etiology of this disorder remain elusive, as is the role of Bmpr2 in postnatal tissue homeostasis. Here we show that in adult mice, stably silencing Bmpr2 expression by RNA interference does not increase pulmonary arterial resistance, but results in severe mucosal hemorrhage, incomplete mural cell coverage on vessel walls, and gastrointestinal hyperplasia. We present evidence that BMP receptor signaling regulates vascular remodeling during angiogenesis, by maintaining the expression of endothelial guidance molecules that promote vessel patterning and maturation, and by counteracting growth factor-induced AKT activation. Attenuation of this function may cause vascular dysmorphogenesis and predisposition to angioproliferative diseases. Our findings provide a mechanistic link between PAH and other diseases associated with BMP/TGF-β pathways, such as hereditary hemorrhagic telangiectasia and juvenile polyposis syndrome.
Introduction
The bone morphogenic proteins (BMPs) regulate a variety of developmental processes, including angiogenesis. According to the current model, each BMP binds to a type II receptor (BMPR2, ACVR2A or ACVR2B), and recruits type I receptor (BMPR1A, BMPR1B or ACVR1). Upon receptor activation, the SMAD proteins, including SMAD1,5 and 8, act as intracellular signal transducers by translocating to the nucleus and regulate transcription. 1 Exogenously added BMPs have been shown to modulate vasculogenesis or angiogenesis in cell culture models 2 and tumor xenografts. 3 Genetic evidence further implicated BMP signaling in cardiovascular development.
Bmp4-deficient mouse embryos display reduced number of blood islands, possibly due to defect in endothelial progenitor differentiation. 4 Likewise, Smad5-null mice are able to form primitive vascular plexus, but fail to establish mature vascular network. 5, 6 Moreover, mice lacking ALK1
or endoglin, components of an endothelium-restricted TGF-β receptor complex capable of signaling through the BMP SMADs, exhibit excessive fusion of capillary plexus and vessel hyperdilation. [7] [8] [9] However, the early lethality and the complexity of the embryonic phenotype prevent precise delineation of the underlying molecular mechanisms. More recently, specific roles of BMP signaling in the circulatory system have been demonstrated by inactivating Bmpr1a in FLK1-expressing mesoderm, which gives rise to smooth muscle, endothelial and hematopoietic cells. 10 The conditional knockout mice survive until midgestation and exhibit multiple abnormalities in vessel remodeling and maturation. Despite such revelation, novel strategies are needed to gain insight into the function of this pathway during latter stages of organ development and postnatal homeostasis.
The significance of such function is evident in human vascular disorders.
Haploinsufficiency of Bmpr2 and Alk1 underlies the pathogenesis of pulmonary arterial
For personal use only. on April 4, 2017 . by guest www.bloodjournal.org From hypertension (PAH) and hereditary hemorrhagic telangiectasia (HHT), respectively. 11-13 PAH is characterized by abnormal proliferation of endothelial and smooth muscle cells, which leads to progressive occlusion of the small pulmonary arteries and persistent elevation of vascular resistance, whereas HHT is characterized by multi-system vascular dysplasia and arteriovenous malformation. The cellular compartment directly responsible for the onset of abnormal vessel remodeling, and the contribution of Bmpr2 mutations to the pathogenesis of PAH remain obscure.
Nonetheless, recent identification of HHT patients with clinical features indistinguishable from those of PAH, 14 points to common pathways disrupted by mutations of Alk1 and Bmpr2 in inherited pulmonary vascular diseases, thus implicating endothelial dysfunction and aberrant remodeling as a critical but largely unexplored cause in the disease development.
In order to better understand the role of BMP signaling in maintaining a healthy vasculature, we generated mice expressing short hairpin RNA (shRNA) from a defined genomic locus. This approach resulted in efficient knockdown of Bmpr2 expression, but otherwise maintained a basal level of function to circumvent the embryonic lethality of the null mutation. 15 Our analyses of these mice suggest that suppressing BMPR2-mediated signaling impinges upon vessel integrity and stability, which may be implicated in the pathogenesis of PAH and related diseases.
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Results

Silencing Bmpr2 in mice
To investigate the consequence of constitutively attenuated activity of Bmpr2 in vivo, we designed a Bmpr2-specific short hairpin RNA (shRNA) transgene under the control of the U6 polIII promoter. A single copy of the U6-shRNA expression cassette was inserted into an inactivated Rosa26 locus through recombination-mediated cassette exchange (RMCE) in ES cells ( Figure 1A ). This strategy allows for high-efficiency incorporation of the transgene while minimizing the positional effect on expression levels commonly associated with conventional random integration transgenic approaches. In contrast to the embryonic lethality caused by the Bmpr2 null mutation, F1 mice that transmitted the U6-shRNA minigene were viable and born without gross abnormality. Quantification of the Bmpr2 mRNA and protein in adult tissues confirmed highly effective RNAi in hemizygous shRNA knockin mice, with up to 90% reduction in target expression compared to wild-type littermates ( Figure 1B,C) . We produced two transgenic lines, each expressing an independent shRNA hairpin targeting Bmpr2 that produced similar gene silencing efficacy and phenotype. For clarity, here we describe the analyses on one of such mouse lines.
Age-dependent mucocutaneous vascular lesions in Bmpr2 knockdown mice
At birth, the Bmpr2 knockdown (KD) mice appeared indistinguishable from wild-type littermates.
Overtime, however, they all became anemic as evidenced by pallor, dyspnea and wasting. Upon necropsy, massive intestinal hemorrhage was found, predominantly within the cecum or at the ileocecal junction (Figure 2A ). Blood sample from the affected mice showed decreased red cell numbers and vastly expanded reticulocytes, whereas white cell and platelet counts were within For personal use only. on April 4, 2017. by guest www.bloodjournal.org From reference ranges (data not shown). Furthermore, bone marrow morphology was normal, and no disruption of coagulation function was apparent (data not shown), indicating that the hemorrhage was not due to hematopoietic defects or abnormal clotting. Histological examination of the ileum and ascending colon of the moribund mice revealed angiodysplasia-like lesions. These manifested as hemorrhage of capillaries and thin-walled small vascular channels in the mucosa ( Figure 2B ). In addition to the gastrointestinal tract, vascular lesions were observed in the nailbeds, exhibiting a reddened appearance, although these changes occurred in less than 10% of the Bmpr2 KD mice studied ( Figure 2C ). The earliest detection of occult fecal blood in Bmpr2 KD mice was variable, with a male bias in younger animals. Such recurrent, chronic blood loss progressively deteriorated to reach a crisis stage, when the affected mice succumbed to complications of severe microcytic anemia. The anemic Bmpr2 KD mice developed splenomegaly, with disruption of the spleen follicle structure, and extramedullary hematopoiesis ( Figure 2D ).
To determine the effect of a declining gene dosage series, we bred mice carrying two copies of the U6-shRNA transgene by heterozygote intercrossing. A more severe phenotype was observed in these mice, as demonstrated by an earlier onset of hemorrhage that extended to the upper intestinal tract and stomach. They also exhibited shortened life span, which correlated with the further diminished levels of Bmpr2 expression in the lung ( Figure 2E ). Because unchallenged heterozygous null mutants are spared of major vascular phenotype, 15 we conclude that a critical level of signaling strength from the BMP receptor is required to maintain vascular integrity in adult animals. BMP signaling through BMPR1A has been proposed to restrict intestinal stem cell renewal by suppressing the Wnt/β-catinin axis through regulation of phosphoinositol-3-kinase (PI3K)/AKT pathway. 16 Consistent with this hypothesis, the epithelial hyperplasia in the Bmpr2 KD mice was associated with increased activation of AKT ( Figure 3F ). These results indicate that BMP receptors, together with components of the PI3K and WNT pathways, constitute a signaling circuit that control balanced GI epithelial progenitor cell. Disturbance of this local environment may also contribute to the development of abnormal vasculature.
Gastrointestinal hyperplasia concomitant with vascular lesions in Bmpr2 knockdown mice
Deficient mural cell investment of the blood vessels from Bmpr2 knockdown mice
Despite the apparent vascular malformation, pulmonary artery medial hypertrophy and neointima formation commonly found in PAH were not observed in Bmpr2 KD mice. Accordingly, right ventricular systolic pressure was not elevated (Supplemental Figure S1 ). On the other hand, the muscular, pre-acinar pulmonary arteries associated with terminal bronchial in Bmpr2 KD mice were marked dilated. These vessels also exhibited disorganized adventitia and disproportionally did not significantly affect cell proliferation (data not shown). However, it potently repressed the cell migration induced by sphingosine-1-phosphate (S1P) ( Figure 5B), a PI3K/AKT-dependent event. 21 This repression correlated with reduced AKT activation by S1P in the presence of BMP4 or BMP9 ( Figure 5C ). Similarly, BMP4 treatment inhibited VEGF-and S1P-stimulated AKT activation in wild-type but not Bmpr2 KD cells, and such differential response was evident, yet less pronounced, in the presence of serum ( Figure 5D ). Consistent with a positive effect of AKT on cell survival, BMP4 treatment increased EC apoptosis induced by serum deprivation, and this action appeared to depend on intact Bmpr2 expression ( Figure 5E ). Therefore, as has been demonstrated in intestinal stem cells, the endothelial BMPR2 signaling can limit AKT activity, which is a critical mediator of angiogenesis.
To further evaluate the dependence of EC function on BMPR2, Matrigel plugs containing recombinant bFGF, either alone or together with BMP4, were implanted subcutaneously into the abdominal region of wild-type or Bmpr2 KD mice ( Figure 6 ). The degree of endothelial cell infiltration in bFGF-loaded gel plugs was similar regardless of the presence of BMP4 or host genotype, despite considerable variation among individual animals. The number of cell-lined, red blood cell (RBC)-filled small vessels or tubular structures with lumen, however, was reduced in bFGF-loaded Matrigel implanted in Bmpr2 KD mice. In addition, RBC-filled pools lacking cell lining, representing ruptured vessels, were more frequent in these plugs. The blood pooling was partially alleviated in BMP4-loaded gel isolated from the same animals. These results are in agreement with a role demonstrated previously for TGF-β and BMPs derived from bone extracts in modulating bFGF-induced neoangiogenesis, 22 and suggest that signaling through BMPR2 is required for ordered capillary morphogenesis and establishment of stable vascular architecture.
Aberrant regulation of vascular remodeling in Bmpr2 knockdown mice
The unstable vasculature caused by defective BMP signaling, which likely predispose both the formation of HHT-like lesions and hemodynamic failure in the pulmonary circulation in PAH, prompted us to examine the expression of genes that regulate angiogenesis. Genome-wide transcriptional profiling was performed with ECs from Bmpr2 KD and wild-type control mice.
The cells used in this analysis were freshly isolated and purified without further culturing, thus allowing for an approximation of their physiological state in vivo. By statistical filtering and selecting genes with previously documented involvement in vasculogenesis or angiogenesis, we established a panel of 25 genes to represent the transcriptional signature of Bmpr2-deficiencient lung endothelial cells ( Figure 7A ). Comparable transcriptional profiles were obtained for ECs from two independent Bmpr2 knockdown mouse lines (Supplemental Figure S2) , suggesting that these changes were indeed due to deficiency in BMPR2, rather than off-target effect of the shRNA transgene.
A prominent feature of the Bmpr2 KD signature panel is the down-regulation of major determinants of vessel patterning and the maturation phase of angiogenesis. Among the few genes exhibiting dramatically reduced expression is Sema3c, encoding a class III semaphorin that regulates integrin activation and vascular remodeling. 23, 24 Similarly, Efnb1, Efnb2, and
Epha4, which provides repulsive navigational signals during blood vessels network patterning and arterial specification, 25 were concomitantly down-regulated, along with jagged 2, a ligand for notch which acts upstream of B-type ephrins. 26 Furthermore, endothelial production of a CXC chemokine Cxcl12 (also known as Sdf1), were significantly decreased. Autocrine signaling through its receptor, CXCR4, is required for endothelial cell branching morphogenesis and organ-specific artery formation in the gut by remodeling primitive vessels. 27, 28 Conversely, angiopoietin 2, a TIE2 antagonist primarily released by ECs that potently destabilizes quiescent endothelial monolayers, 29 was up-regulated. Collectively, the distinct gene expression profile of
Bmpr2-deficient endothelial cells indicates that BMP receptor signaling maintains a transcription
program that controls vascular remodeling. This notion was reinforced by the finding that BMP4 treatment of wild-type ECs altered the expression of genes which were not previously recognized as BMP targets, but showed deregulation in Bmpr2 KD ECs ( Figure 6B ). Thus, the expression of Sema3c and Jag2 was induced, along with known BMP downstream target Id1, Smad6 and Smad7 (Supplemental Figure S2 ). By contrast, Tie1 expression was not affected.
Because class III semaphorins are linked to regulation of integrin activation, 23, 24 we evaluated the phosphorylation of Ser785 on integrin β1, which modifies its activity in cell adhesion and migration. 30 As shown in Figure 6C , the levels of serine phosphorylation on integrin β1, representing an activated state, were dramatically lower in both lung and intestinal tissues from Bmpr2 KD mice, concomitant with a diminished SEMA3C protein expression.
These results suggest that attenuation of BMP signals leads to disordered vessel assembly and stabilization, at least in part due to disturbed fine-tuning of integrin function by semaphorins.
For 36, 37 and the receptor appears to be more predominantly present on pulmonary ECs. 38 Furthermore, muscularization of the arterioles alone is also not sufficient to explain severe and progressive PAH. The disease is marked by plexiform/glomeruloid and angiomatoid endothelial lesions, formed by an angioproliferative process combined with obliteration, or "pruning" of blocked arteriolar trees. 39 Similar processes may underlie the pathophysiology of HHT, since the hemorrhagic vascular malformations in Bmpr2-deficient mice resembles those in HHT mouse models with haploinsufficiency of EC-restricted Alk1, 40 , or Eng. 41 Consistent with this hypothesis, at least two BMP family ligands, BMP9 and 10, are capable of signaling through a receptor complex formed by ALK1 and BMPR2. [18] [19] [20] In this study, we have provided additional 42 Similarly, endoglin plays a crucial role in mononuclear cell-mediated revascularization following injury. 43 These finding suggest that 
Materials and methods
Generating shRNA expressing mice
To prepare for site-specific insertion of the shRNA transgene, a conventional targeting vector was designed to allow for recombination-mediated cassette exchange (RMCE) at the Rosa26 locus. A transcription stop signal was inserted between the two homologous arms to prevent read-through of the endogenous mRNA, which is flanked by lox511 and loxP sites in inverse orientation. We obtained recombinant ES clones containing the modified Rosa26 locus ( Figure   1 ) through homologous recombination. The exchange vector carried an shRNA expression cassette, consisting of U6 PolIII promoter upstream of an shRNA duplex: ttggaaaccatcccacat (sense) GTTCATGAGA (loop) atgtgggatggtttccaac (antisense) TTTTTT (termination), corresponding to a 19-mer within exon 10 of Bmpr2. The entire U6-shRNA cassette, followed by neomycin selection marker, was flanked by lox511 and loxP sites to allow for RMCE between the exchange vector and modified Rosa26 acceptor allele. We initially verified the potency of the selected shRNA by stable transfection of the exchange vector in NIH3T3 cells. RMCE was then achieved in 129V ES cells cotransfected with the circular exchange vector and a Cre-expressing plasmid, and facilitated by G418 selection. Individual ES clones incorporated with a single copy of the exchanged shRNA cassette was then microinjected into C57BL/6J blastocysts to generate chimera and subsequently, F1 mice, using standard techniques. Unless specified, analyses were carried out when phenotype becomes apparent, using F1 hybrid or F2N1 mice, which were backcrossed once to C57BL/6J strain. Homozygous mice carrying two copies of the shRNA were bred by heterozygote intercrossing. Data shown in this report represent transgene R26C, although we obtained similar results from mouse lines corresponding to both shRNA hairpins. 
Histopathology, immunohistochemistry and immunoblotting
Tissues were fixed in 10% neutral-buffered-formalin and processed for 5 µ m paraffin sections.
The airway and pulmonary vessels were perfusion fixed. To assess vascular wall thickness (WT), 
Hemodynamics measurements
Three month-old mice were anesthetized intraperitoneally with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) and positively ventilated with oxygen. For measurement of right ventricular pressure, the right jugular vein was surgically exposed and a microtip pressure transducer catheter (1.4 French, Milar Instruments) was inserted via the jugular vein. The 
Cell migration assay
Chemotactic cell migration assays were performed using transwell culture inserts with polycarbonate membranes, 8 µ m pore size (Corning). 2x10 5 endothelial cells were serum-starved 
Matrigel plug assay
Characterization of angiogenesis by morphometric analyses of Matrigel plugs were performed following the criteria established previously. 22 Briefly, 500 µ l of liquid Matrigel containing 200 ng/ml bFGF (R&D systems) and 10 U/ml heparin, with or without 200 ng/ml BMP4, was implanted subcutaneously into each flank of the abdominal area of ~10-week old mice. After 7 days, the plugs were fixed, cut at mid-line, and processed for histological analyses of microvessels.
Gene expression analyses
Total RNA was prepared using RNeasy mini (Qiagen). Generation of biotinylated cRNA probe was carried out essentially as described in the standard Affymetrix GeneChip protocol. Each sample was hybridized with a Mouse Genome 430 2.0 microarray. Data were normalized by MAS5 algorism using Bioconductor. We applied filters to identify genes associated with the Expression of selected genes were independently verified by quantitative RT-PCR, using Taqman Low Density Array or Taqman Assay-On-Demand (Applied Biosystems), following the manufacturer's protocols. The relative expression levels were quantified using Hprt1 as internal control.
Statistics
We determined differences between groups using Student's t-test and 1-way ANOVA. A value of P < 0.05 indicated a significant difference. All data are expressed as means ± s.d. 
